The immune system is a complex and dynamic network of tissues, cells, and extracellular factors endowed with remarkable plasticity and the capacity to maintain its overall organization. While the preservation of its own structural features is intimately linked to the integrity of the organism it is part of, perturbation of the immune system by appropriate stimuli will result in a temporary and potentially profound disequilibrium before homeostasis is reinstated. One of the hallmarks of adaptive immunity is the controlled kinetics of specific T-cell populations generated in response to pathogens. By virtue of their preselected T-cell receptor (TCR), naive T cells specifically interact with pathogen-derived peptide fragments displayed by antigen-presenting cells (APC) in the context of the host's major histocompatibility complex (MHC) proteins. The resultant rapid expansion and acquisition of effector function by specific T-cell clones constitute the cellular basis for T-cell-mediated pathogen control and, following the subsequent contraction phase, the establishment of T-cell memory. However, the precise extent and quality of the T-cell response are determined by additional T-cell-APC interactions that are nonspecific and termed costimulatory insofar as they enhance proliferative or functional attributes of responding T-cell populations. Conversely, inhibitory interactions limit the initial expansion of T-cell clones and regulate the return to T-cell homeostasis following successful control of the pathogen.
Due to its potent and opposing effects on developing T-cell responses, the receptor pair CD28 and cytotoxic T-lymphocyte (CTL) antigen 4 (CTLA-4/CD152) has received considerable attention in the past years (2) . While CD28, the dominant member for binding the B7.1 (CD80) and B7.2 (CD86) ligands (46) , mediates costimulatory signals, CTLA-4 is one of the most powerful negative regulators of T-cell responses (10, 13, 79, 89) . A physiological role for CTLA-4 has been documented in peripheral T-cell tolerance and anergy (30, 36, 39, 65, 86, 92) , CD4 ϩ T-cell differentiation and CD8 ϩ CTL activity (40, 54, 56, 63, 71, 86) , regulation of cell cycle progression (11, 21, 41, 85) , and T-cell survival (20, 21, 31, 40, 72) , as well as immunological memory and secondary T-cell responses (15, 18, 58) . As expected from this functional diversity, CTLA-4-mediated interactions have been implicated in many areas of clinical relevance such as autoimmunity (69) and immune regulation by CD4 ϩ CD25 ϩ regulatory T cells (66, 70, 78) , tumor immunity (16) , transplantation (69) , and host defense (33, 55, 60) . Furthermore, costimulatory blockade with CTLA-4 fused to an immunoglobulin (Ig) backbone (CTLA-4 Ig) has been explored in preclinical and clinical settings with the intent of therapeutic reduction of T-cell responses, and the targeted blockade of CTLA-4 itself has gained interest for its potential to enhance T-cell responses to tumors and vaccines. Yet, despite much effort, the details of the molecular mechanism(s) by which CTLA-4 exerts its function remain to be elucidated. CTLA-4 may, in fact, act at different levels of T-cell-APC interactions, including competitive blockade of CD28-B7 interactions (54, 79) , disruption of the organizational structure of the immunological synapse (16) , modulation of TCR signaling (12, 43, 53, 54) , and induction of secondary immunoregulatory factors such as transforming growth factor ␤ (TGF-␤) (19) , as well as B7-dependent reverse signaling and modulation of tryptophan catabolism in APC (24, 32) .
Some of the most compelling evidence for the nonredundant physiological role of CTLA-4 has come from its genetic ablation. CTLA-4-deficient mice develop a severe lymphoproliferative disorder and die within a few weeks after birth (14, 80, 90) . The lethal phenotype has hampered the study of long-term T-cell immunity in the absence of CTLA-4 and necessitated the use of experimental systems that minimize the lymphoproliferative pathology of CTLA-4-deficient mice by limiting the available TCR repertoire in crosses to TCR-transgenic mice. However, in the presence of bone marrow-derived CTLA-4-bearing cells, polyclonal CTLA-4-deficient T cells failed to develop an abnormal phenotype in vivo, and prevention of lethal disease was suggested to be achieved by factors produced by wild-type cells (3, 4) . Similarly, adoptive transfer of CTLA-4 Ϫ/Ϫ T cells obtained from young CTLA-4 Ϫ/Ϫ donors was shown to cause lethal inflammatory disease in adult Rag2 Ϫ/Ϫ recipients but admixture of CTLA-4 ϩ/ϩ T cells with the pathogenic CTLA-4 Ϫ/Ϫ cells could prevent disease by selective elimination of transferred CTLA-4 Ϫ/Ϫ T cells (81) . These findings suggest that loss of CTLA-4 by T-cell populations can be compensated for, to a certain extent, by CTLA-4 expression in trans.
To evaluate the scope and efficiency of CTLA-4 transregulation, we have used mixed CTLA-4 radiation bone marrow chimeras and examined specific T-cell responses with unbiased TCR repertoires generated against a viral pathogen in vivo. Our results confirm previous observations made by Bachmann et al . in a similar model system (3, 4) and provide further evidence that lack of intrinsic CTLA-4 expression does not affect the generation of primary virus-specific CD8 ϩ or CD4 ϩ T-cell responses. In addition, our findings indicate that neither the maintenance nor the recall capacity of virus-specific memory T cells is modulated by absence of T-cell-expressed CTLA-4 and thus demonstrate an unexpected cellular autonomy and systemic flexibility in the intrinsic absence of a major negative regulator of T-cell immunity. (90) and were provided by M.-L. Alegre. All mice were housed under specific-pathogen-free conditions.
MATERIALS AND METHODS

Mice
Generation of mixed CTLA-4 ؉/؉ ؋ CTLA-4 ؊/؊ bone marrow chimeras. Mixed bone marrow chimeras were generated as described recently (22) . Briefly, groups of B6.PL (Thy1.1 ϩ ) mice were lethally irradiated (1,100 cGy). Bone marrow from young B6.CTLA-4 Ϫ/Ϫ (Thy1.2 ϩ ) and age-matched B6.PL (Thy1.1 ϩ ) mice was depleted of T cells with T24 (anti-Thy1.1/2) antibody and guinea pig complement (Sigma, St. Louis, Missouri). Alternatively, T cells were depleted with antibodycoated magnetic beads (7) . A mixture of equal numbers (2 ϫ 10 6 each) of T-celldepleted bone marrow cell suspensions was then injected intravenously (i.v.) into irradiated hosts. Mixed bone marrow chimeras subsequently reconstituted T-cell populations which consisted of grossly equal numbers of CTLA-4 ϩ/ϩ (Thy1. 34 tetramers were obtained as allophycocyanin and/or PE conjugates or biotinylated monomers from the Tetramer Core Facility, Emory University, Atlanta, Georgia, and used as described previously (34) .
Intracellular cytokine staining for flow cytometry. Single-cell suspensions from lymphatic organs were restimulated for 5 h with 1 g/ml MHC class I (PeptidoGenic, Livermore, California)-restricted viral peptides or 2 g/ml MHC class II (Chiron, Clayton Victoria, Australia)-restricted viral peptides in the presence of 10 to 50 U/ml recombinant human interleukin-2 (PharMingen) and 1 g/ml brefeldin A (Sigma). Staining of cell surface antigen and intracellular antigens was performed as described previously (34) . Negative controls were (i) peptide-restimulated cells from uninfected mice, (ii) cells restimulated for 5 h in the absence of viral peptides, and (iii) cells stained with conjugated cytokinespecific antibodies preincubated for 30 min at 4°C with an excess of recombinant cytokine. In some cases, polyclonal stimulation was provided by 5 ng/ml phorbol myristate acetate and 500 ng/ml ionomycin (Sigma) in the presence of brefeldin A. Cells were acquired with a FACSort or FACScalibur flow cytometer (Becton Dickinson & Co., San Jose, California) with Cell Quest software (Becton Dickinson). For five-color analyses, a FACSVantage SE flow cytometer (Becton Dickinson) was used.
In vivo proliferation assays. A bromodeoxyuridine (BrdU; Sigma) solution of 0.8 mg/ml of sterile water was prepared fresh daily and supplied as drinking water for the first 8 days of virus infection (pulse period). Mice were subsequently switched to regular drinking water (chase period). Intracellular detection of BrdU and cytokines in peptide-restimulated T cells was performed by using the reagents and protocols provided by manufacturer (BrdU flow kit; BDPharMingen). Ki-67, a nuclear cell proliferation-associated antigen expressed in all active stages of the cell cycle, was detected with the FITC-conjugated B56 clone and MOPC 21 isotype control (BDPharMingen). The B56 antibody, specific for human Ki-67, cross-reacts with the murine equivalent.
In vivo IDO blockade. Slow-release pellets containing 200 mg 1-methyl-DLtryptophan released over a period of 21 days and placebo pellets were purchased from Innovative Research of America (Sarasota, FL). This dosage was previously shown to effectively inhibit indoleamine 2,3-dioxygenase (IDO) (32) . To implant pellets, anesthetized mice were shaved in a small dorsal area above the thoracic vertebrae and an ϳ2-cm incision was made. A small subcutaneous pocket was gently enlarged with forceps, the pellet implanted, and the incision closed. One day later, mice were infected with LCMV.
Adoptive transfers. Approximately 8 months after primary infection, 2 ϫ 10 7 lymph node cells from mixed CTLA-4 chimeras were transferred i.v. into congenic CD45.1 hosts. Two days later, mice were challenged with 2 ϫ 10 6 PFU LCMV clone 13 i.v.
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Statistical analyses. Data handling, analysis, and graphic representation were performed with Prism 3 (GraphPad Software, San Diego, California).
RESULTS
Normal phenotype of mixed CTLA-4
؉/؉ ؋ CTLA-4 ؊/؊ chimeras. Mixed CTLA-4 bone marrow chimeras were generated by reconstituting lethally irradiated B6.PL mice (H-2 b CTLA-4 ϩ/ϩ Thy1.1 ϩ ) with a 1:1 mixture of bone marrow derived from syngeneic wild-type B6.PL and congenic CTLA-4-deficient
. This experimental design allows the distinction of CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T cells based on the allelic Thy1 marker and guarantees that residual host T cells (Thy1.1 ϩ ) are appropriately identifiable as CTLA-4 ϩ/ϩ . As reported previously (22) and similar to mixed CTLA-4 chimeras created with Ragdeficient hosts (3, 4) , the chimeras showed no signs of abnormal T-cell activation or lymphoproliferative disorder. Over an observation period of Ͼ16 months, CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ CD8 ϩ and CD4 ϩ T cells gradually upregulated CD44 expression while retaining modest levels of CD69 and CD25 expression, comparable to wild-type mice (Fig. 1A and data not shown). To evaluate the functional potential of T cells, cytokine production was determined after brief polyclonal stimulation. As shown in Fig (84) covers nearly the entire virus-specific CD8 ϩ T-cell response (34, 59) . Furthermore, analysis of just two MHC class II-restricted epitopes (GP 61 and NP 309 ) (64) accounts for approximately 80% of the virus-specific CD4 ϩ T-cell response (34, 38) . Here we have used intracellular cytokine staining and MHC tetramers to characterize the generation of a polyclonal, specific T-cell response in its near entirety after LCMV infection of mixed CTLA-4 chimeras. Although CTLA-4 is not readily detectable in naive cells, it is upregulated upon T-cell activation (45, 87) . Recent work by Slifka and Whitton has shown that CTLA-4 is also upregulated by LCMV-specific CD8 ϩ T cells in the early phase of the primary immune response but downregulated at the peak of the CD8 ϩ response (76) . In agreement with this observation, LCMV-specific CTLA-4 ϩ/ϩ CD8 ϩ T cells generated in mixed chimeras showed only modest CTLA-4 expression 8 days after virus infection compared to the virus-specific CTLA-4-deficient internal controls (Fig. 1D ). In contrast, activated virus-specific CD4 ϩ T cells demonstrated clearly upregulated CTLA-4 levels comparable to those in wild-type mice ( tigen-driven proliferation, chimeras were pulsed with drinking water containing the nucleotide analog BrdU during the first 8 days of infection. Detection of BrdU incorporation by T cells demonstrated that mobilization of ϳ90% of CD8 ϩ and ϳ50% of CD4 ϩ T cells was comparable among CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ subsets ( Fig. 2A ) and similar to that in LCMVinfected wild-type mice (34) . As expected, virtually all epitopespecific CD8 ϩ and CD4 ϩ T cells had acquired BrdU during this period and no significant differences were observed between specific CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T cells (data not shown and references 34 and 59). Interestingly, absence of CTLA-4 had little effect on the overall magnitude of virusspecific CD8 ϩ and CD4 ϩ T-cell responses as there were no gross differences between specific CTLA-4 ϩ/ϩ and CTLA-4
T-cell numbers determined in the spleen, lymph nodes, and blood in the course of the primary T-cell response ( Fig. 2B and  C) . Similarly, direct ex vivo CTL activity of LCMV-specific CD8 ϩ effector T cells was comparable among CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ CTL populations isolated from the spleen and lymph nodes (data not shown). Although the absolute numbers of specific T cells shown in Fig. 2C are comparable, it should be noted that such an analysis is a function of the relative reconstitution with naive CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T cells in the chimeras. Thus, we focused on specific T-cell frequencies rather than absolute numbers in the majority of our experiments. Here, we did indeed observe some changes in the magnitude of individual epitope-specific CTLA-4 pansions in the CTLA-4 Ϫ/Ϫ compartment in our model system, we selected these populations for further functional evaluation.
Coreceptor regulation, TCR repertoire, and avidities of virus-specific T cells. It has been shown in several experimental systems, including the LCMV model (76) , that activated specific CD8 ϩ effector T cells downregulate CD8 expression. In contrast, CD4 expression by CD4 ϩ T cells is upregulated following antigen encounter (67) . While the biological meaning of differential coreceptor regulation remains elusive, altered expression levels are useful for identification and characterization of activated antigen-specific T cells. Since LCMV infection is accompanied by only minimal bystander proliferation (34, 59), we could directly evaluate coreceptor expression by proliferated (BrdU-positive, mostly LCMV-specific) and resting (BrdU-negative, nonspecific) T cells at the height of the primary immune response. As shown in Fig. 2D , activated
CTLA-4
ϩ/ϩ and CTLA-4 Ϫ/Ϫ CD8 ϩ T cells downregulated CD8 expression to similar degrees while CD4 ϩ T cells demonstrated a concomitant CD4 upregulation.
A primary role for CTLA-4 in the regulation of peripheral T-cell homeostasis rather than central tolerance was suggested by the finding of apparently normal thymocyte development in CTLA-4 Ϫ/Ϫ mice (14) . Recent analysis of polyclonal T-cell expansions in these mice have furthermore demonstrated a diverse and unbiased peripheral TCR repertoire (28) . Our findings demonstrate that virus-specific CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ CD4 ϩ T-cell precursors, derived from an unbiased TCR repertoire present among wild-type and CTLA-4-deficient T cells in the mixed chimeras, are selected from all V␤ families. Their differential expansion leads to a degeneration of the TCR V␤ profile indistinguishable between wild-type and deficient T cells (Fig. 3A) . As expected, TCR repertoire selection among virus-specific CD8 ϩ T cells, which are thought to be less dependent on CTLA-4-mediated costimulatory regulation, was also identical among CTLA-4 ϩ/ϩ and CTLA-4
subsets (data not shown).
A recent study has suggested that engagement of CTLA-4 may promote diversity of T-cell responses by preferential regulation of high-avidity T cells (42) . We evaluated functional avidities of epitope-specific CD4 ϩ and CD8 ϩ T-cell populations by measuring the fraction of IFN-␥-producing T cells as a function of the peptide concentration required to induce cytokine synthesis. Functional avidities determined in this manner were virtually identical between virus-specific CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T cells (Fig. 3B ) and reproduced the difference between CD8 ϩ (high avidities) and CD4 ϩ (lower avidities) T cells found in wild-type mice (34) . Furthermore, NP 396 -and NP 205 -specific CD8 ϩ T-cell populations, which have respective ϳ5-and ϳ10-fold higher avidities than GP 33 specific CD8 ϩ T cells (D.H., unpublished observation), are not preferentially expanded in the CTLA-4 Ϫ/Ϫ compartment (Fig. 2C) . Thus, lack of CTLA-4 expression by virus-specific T cells does not alter the coreceptor regulation, selection of a TCR repertoire, functional responsiveness, or population size of specific high-and low-avidity T-cell responders.
Memory maintenance and homeostatic proliferation. To investigate whether CTLA-4 was involved in the maintenance of virus-specific T-cell memory, frequencies of LCMV-specific T cells were determined at various time points after infection. Up to 8 months after infection, epitope-specific CD8 ϩ and CD4 ϩ memory T-cell populations were maintained equally well irrespective of their CTLA-4 genotype (Fig. 4A) . In parallel, mice that received a BrdU pulse during the first 8 days of infection (resulting in BrdU incorporation by all specific T cells) were subsequently switched to regular drinking water and the loss of BrdU among virus-specific T cells was monitored during this chase phase (25, 82) . No differential kinetics of BrdU loss were observed among CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ virus-specific T cells. Interestingly, even ϳ8 months after infection, a fraction of cells among all epitope-specific populations retained detectable BrdU (ϳ10% of specific CD8 ϩ and ϳ5% of specific CD4 ϩ T cells), indicating minimal or no turnover in a subpopulation of memory T cells (Fig. 4B) . In addition, cell cycle analysis with an antibody specific for the proliferation-associated antigen Ki-67 confirmed similar proliferative activity among virus-specific memory T-cell populations irrespective of Fig. 4C ). It should be noted, however, that the fraction of Ki-67 ϩ CD4 ϩ memory T cells in the mixed chimeras is clearly higher than that found in wildtype mice (44) , indicating that reduced systemic availability of CTLA-4 in the mixed chimeras may facilitate homeostatic proliferation of CD4 ϩ memory T cells. Regulation of memory T-cell survival. The potential role of CTLA-4 in the regulation of T-cell survival and apoptosis remains controversial (16) . Both induction and inhibition of apoptosis via CTLA-4 have been described previously (20, 31, 72) . Furthermore, while upregulation of the survival factor Bcl-x L via CD28 engagement is not impaired by CTLA-4 ligation (9) , recent reports have demonstrated that CD28-mediated survival signals can be antagonized by CTLA-4 in vitro (21) , and an apoptosis-resistant phenotype of CTLA-4-deficient T cells was associated with increased Bcl-x L expression in vivo (40) . Analysis of Bcl-x L expression by virus-specific memory T cells in our experimental system revealed equivalent levels of Bcl-x L in both CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ compartments (Fig. 4D) . Furthermore, the differential Bcl-x L expression among specific CD8 ϩ and CD4 ϩ T cells, which we reported to be associated with impaired survival of CD4 ϩ memory T cells (34) , was also observed in CTLA-4-deficient memory T cells. Expression of another survival factor, Bcl-2, is downregulated in effector T cells but significantly elevated in memory T cells (29, 34) . In the mixed CTLA-4 chimeras, regulation of Bcl-2 expression followed identical patterns in wildtype and deficient LCMV-specific T cells (not shown). These findings suggest that T-cell survival is not differentially regulated in the absence of T-cell endogenous CTLA-4 expression.
Secondary T-cell responses. The biological importance of antigen-specific memory T cells maintained at elevated frequencies and committed to defined effector functions lies in their role for facilitated and accelerated control of pathogens upon reinfection. To evaluate the capacity of CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ memory T cells to respond to a secondary challenge in vivo, memory T cells obtained ϳ8 months after primary challenge were adoptively transferred into congenic CD45.1 mice, which were challenged 2 days later with a high dose of LCMV clone 13. In the absence of functional LCMV- specific memory, infection with more-virulent clone 13 causes an abortive T-cell response and results in virus persistence (73) . Six days following rechallenge, mice were analyzed for expansion of virus-specific CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ memory T cells. As shown in Fig. 5 , memory T cells of both wildtype and deficient compartments comprising all epitope specificities expanded preferentially and dominated the accelerated immune response. The extents of the CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T-cell responses were comparable, and the distribution of epitope hierarchies was largely preserved. Nevertheless, some differences in the magnitude of individual CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ epitope-specific T-cell populations were apparent, a likely reflection of similar differences observed in memory populations (Fig. 4A) . Finally, the presence of high numbers of memory T cells did not preclude the generation of a concurrent primary response, as demonstrated by small but distinct virus-specific T-cell populations among the CD45.1 ϩ host cells, an observation that is in agreement with studies utilizing similar adoptive transfer systems for the visualization of secondary T-cell responses (6, 83) . Role of tryptophan catabolism in the primary T-cell response. Work by P. Puccetti's group has made the intriguing proposal that CTLA-4-expressing cells, including CD4 ϩ
CD25
ϩ regulatory T cells, modulate tryptophan catabolism in APC by engagement of B7 (reverse signaling) and induction of the immunomodulatory enzyme IDO (24, 32) . As this mechanism may explain, at least in part, the effectiveness of CTLA-4 transregulation, we employed pharmacological blockade of IDO in wild-type mice, as well as control and mixed CTLA-4 chimeras. We hypothesized that in mixed CTLA-4 chimeras, induction of IDO by CTLA-4 ϩ/ϩ T cells may be sufficient to allow the development of normal T-cell responses but additional blockade of IDO may render the CTLA-4 Ϫ/Ϫ compartment susceptible to facilitated expansion. In wild-type mice and control chimeras, specific CD8 ϩ T-cell responses were not affected by IDO inhibition but in experimental chimeras a preferential increase in the CTLA-4 Ϫ/Ϫ subset was noted (Fig. 6 ). The observation that CTLA-4 ϩ/ϩ CD8 ϩ T-cell responses were also slightly (though not significantly) enhanced is compatible with the notion that CTLA-4-dependent regulation of IDO in the mixed chimeras is a direct function of the reduced numbers of CTLA-4 ϩ/ϩ cells and therefore pharmacological IDO blockade is more effective in mixed than control chimeras or wildtype mice. However, while the facilitated CD4 ϩ T-cell expansion in B6 mice treated with IDO blockade and reproduced in control chimeras (Fig. 6A) conforms to the established view that functional incapacitation of CTLA-4 facilitates T-cell responses preferentially in the CD4 compartment, a corresponding increase was found only in the CTLA-4 ϩ/ϩ CD4 compartment of mixed chimeras and not among CTLA-4 Ϫ/Ϫ CD4 ϩ T-cell populations (Fig. 6B) . In summary, primary antiviral T-cell responses are only slightly affected by IDO blockade.
Nevertheless, it appears that IDO functions preferentially as a negative regulator of specific CD4 ϩ T-cell responses while a similar role for CD8 ϩ T-cell responses is unmasked only in the mixed CTLA-4 chimeras, i.e., under conditions of reduced systemically available CTLA-4.
DISCUSSION
The present study was conceived to evaluate polyclonal, pathogen-specific T-cell responses under conditions of CTLA-4 deficiency. By choosing an experimental system that allows identification of nearly all specific CD8 ϩ and CD4 ϩ T cells generated against a viral pathogen by its natural murine host, we aimed at a comprehensive approach suitable to understand complex interactions between host and pathogen in vivo. Since genetic disruption of CTLA-4 results in lethal disease, we used radiation bone marrow chimeras to study long-term T-cell immunity. This experimental design also enabled us to simultaneously evaluate the potentially differential impact of intrinsic CTLA-4 deficiency on CD8 ϩ and CD4 ϩ T-cell immunity. CD4 ϩ T cells have been shown to initiate the lymphoproliferative pathology in CTLA-4-deficient mice and both primary and secondary proliferative CD4 ϩ T-cell responses are increased in CTLA-4 Ϫ/Ϫ TCR-transgenic mice (15, 17) . Similarly, CTLA-4 blockade during initiation of parasite-specific T-cell responses amplified Th2-or Th1-type responses (33, 55, 60, 68) . In contrast, although CTLA-4 blockade could enhance antigen-specific CD8 ϩ T-cell immunity induced by peptidepulsed dendritic cells (56) , generation of primary CD8 ϩ T-cell responses was not affected when tested in CTLA-4 Ϫ/Ϫ TCRtransgenic mice (5, 18) . The latter results have recently been confirmed in mixed CTLA-4 chimeras and extended to pathogen-specific primary CD4
ϩ T-cell responses, which were found to be comparable in CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ compartments (3). However, a detailed analysis of antigen-driven proliferation, effector function acquisition, distribution of epitope hierarchies, TCR repertoire selection, and functional avidities, as well as memory maintenance, survival, and secondary responses, of specific CD8 ϩ and CD4 ϩ T cells in vivo has not yet been provided. Our observation that virtually all aspects of primary, memory, and secondary CD8 ϩ and CD4 ϩ T-cell responses are largely independent of autonomous CTLA-4 expression raises one major question: how can these findings be reconciled with the abundance of experimental evidence that CTLA-4 is, in fact, a nonredundant negative regulator of T-cell immunity?
In the majority of in vivo studies with CTLA-4-deficient mice or treatment with specific antibodies, lack or blockade of CTLA-4 was systemic by design. Given the nonredundant functions of CTLA-4 (14, 80, 90) , these studies have successfully identified multiple parameters of T-cell activation dependent on functional expression of CTLA-4. Although the molecular basis of CTLA-4-mediated inhibition of T-cell activation is not understood completely, five distinct and non-mutually exclusive levels of activity have been proposed. CTLA-4 may inhibit T-cell responses via (i) competition with CD28, (ii) interference with TCR-or CD28-mediated signaling events, (iii) production of secondary factors such as immunosuppressive cytokines, or (iv) induction of IDO expression and modulation of tryptophan catabolism (1, 24, 32, 74) . In contrast to systemic CTLA-4 deficiency or blockade, mixed CTLA-4-deficient bone marrow chimeras retained CTLA-4 expression in radioresistant cells and about half of the hematopoietically derived cell subsets (4, 22) . In this respect, the chimeras resembled experimental systems where the specific response of CTLA-4-deficient TCR-transgenic T cells was evaluated after adoptive transfer into wild-type hosts (5) . Since the absence of altered T-cell immunity in the CTLA-4 Ϫ/Ϫ compartment of the mixed chimeras is a function of the presence of CTLA-4-expressing cells in the same local environment (22) , the mechanism(s) for effective CTLA-4-mediated regulation of specific T-cell immunity may be operative at any of the four levels outlined above. Several events proximal to CTLA-4 signaling may contribute to the normal phenotype of mixed CTLA-4-deficient chimeras. Recent studies have documented alternatively spliced CTLA-4 mRNA in hematopoietic tissues of mice and humans and found a native soluble form of CTLA-4 in human sera (49, 61, 62) . Since the pathology associated with CTLA-4 deficiency is dependent on the presence of CD80 or CD86 (51), binding of secreted CTLA-4 to CD80/CD86 in mixed CTLA-4 chimeras may participate in effective maintenance of normal T-cell homeostasis. In support of this hypothesis, administration of a soluble CTLA-4 Ig to CTLA-4 Ϫ/Ϫ mice from birth or breeding to a transgenic strain expressing high serum levels of CTLA-4 Ig was shown to delay or prevent the onset of lymphoproliferative disease (40, 80) . Interestingly, soluble CTLA-4, apparently produced by monocytes rather than T cells, is upregulated by IFN-␤ (27, 88) . Thus, viral infections, via early induction of type I interferons (8) , may directly promote the secretion of biologically active CTLA-4 and regulate the extent of costimulatory activity mediated by CD80-CD86 interactions. It should be noted that the complexity of CTLA-4 function is further increased by the recent description of mRNA isoforms for soluble CD28, CD80, and CD86 (23, 48, 91) and the discovery of secreted CD86 in human sera at levels of biologically relevant costimulatory activity (37) .
The dynamic architecture of the interface between T cells and APC or target cells, i.e., the immunological synapse, not only implies the simultaneous engagement of multiple costimulatory and inhibitory interactions, but spatial and temporal considerations suggest the interaction of a multiplicity of cells. Accordingly, it has been proposed that T cells, rather than being dependent on a specific obligatory costimulus (historically referred to as signal 2), integrate a complex of costimulatory and inhibitory interactions that translate minimal kinetic alterations into profound modifications of the T-cell response (26) . Recent in vivo studies have provided evidence for some aspects of this scenario. Rapid cardiac allograft rejection was observed in an experimental system that only allowed for costimulation in trans; i.e., TCR-transduced and CD28-mediated signals were provided by ligands expressed on distinct cells. Concurrent treatment with CTLA-4 Ig (blockade in trans) significantly prolonged graft acceptance or prevented rejection (50) . Furthermore, direct visualization of the immunologic synapse in vivo has demonstrated that specific effector T cells can engage several target cells simultaneously (57) . In light of these findings, it is possible that the inhibitory effect of CTLA-4 on T-cell activation in the mixed chimeras can be effectively contributed by CTLA-4-bearing T cells that provide inhibition in trans. By scavenging of CD80 and CD86, CTLA-4-expressing T cells may thus limit the binding of CD28 to CD80/CD86, required to drive the lymphoproliferative disorder that occurs in the absence of CTLA-4 (51, 52), and actively maintain physiological conditions for T-cell activation and homeostasis.
The original observation by Bachmann et al. that mixed CTLA-4-deficient chimeras exhibit a normal phenotype suggested the possibility that active regulation of T-cell homeostasis is mediated by unidentified factors produced by CTLA-4-bearing cells (4) . Due to phenotypic similarities among CTLA-4-and TGF-␤-deficient mice (75) , as well as the observation of TGF-␤ induction by CTLA-4 cross-linking in vitro (19) , TGF-␤ was proposed to mediate the suppressive activity of CTLA-4. However, CTLA-4 ϩ/ϩ and CTLA-4 Ϫ/Ϫ T cells recovered from mixed chimeras carried comparable levels of TGF-␤ message (4) , and a recent study provided evidence that CTLA-4-mediated inhibition occurs independently of TGF-␤ (77) . Yet the possibility remains that the suppressive activity of an unidentified factor secreted by CTLA-4-bearing cells as a consequence of CTLA-4 engagement modulates effective Tcell homeostasis. A related and novel concept is the engagement of B7 by CTLA-4 and induction of IDO activity by reverse signaling (24, 32) . While our results support a negative regulatory role for IDO, in particular for CD4 ϩ T-cell responses in wild-type mice, this effect was only accentuated among CTLA-4 Ϫ/Ϫ CD8 ϩ but not CD4 ϩ T-cell populations in the mixed chimeras and indicates that other mechanisms must be operative in effective regulation of CTLA-4 Ϫ/Ϫ T-cell responses in the presence of other CTLA-4-expressing cells. An alternative interpretation of our data suggests that increased tryptophan catabolism may unmask a stimulatory function of CTLA-4 (i.e., B7-CTLA-4 interactions lead to activation rather than inhibition of T-cell responses). Such stimulatory effects of CTLA-4 engagement have been postulated in other model systems, but the interpretation of the experimental results has remained controversial (47) .
Finally, it is conceivable that the presence of CTLA-4 in the mixed chimeras confers lasting changes during the ontogeny of CTLA-4 Ϫ/Ϫ cells. We are currently testing this hypothesis in experiments where the pathogenic potential of T cells from CTLA-4 Ϫ/Ϫ mice transferred into Rag Ϫ/Ϫ recipients (81) is compared to that of CTLA-4 Ϫ/Ϫ cells purified from mixed chimeras. Regardless of these speculations, however, the mixed bone marrow chimeras used in our study should provide an excellent tool to identify any factors involved in the transmission of the profound CTLA-4-dependent immunomodulatory effects. It is possible that the identification of such a factor or factors will provide novel targets for therapeutic interventions that specifically inhibit events downstream of CTLA-4 signaling without affecting the competitive blockade of CD28-CD80/86 interactions by membrane-bound or soluble CTLA-4. In this respect, genetic disruption of CTLA-4 signaling (achieved by breeding mice transgenic for a tailless form of CTLA-4 to the CTLA-4 Ϫ/Ϫ background) was associated with facilitated activation of T cells in the absence of multiorgan lymphocytic infiltration or a reduced life span (54) .
In conclusion, our study identifies an unexpected independence of intrinsic CTLA-4 expression in all stages of the adaptive T-cell response, as well as an intercellular and cooperative nature of CTLA-4-mediated immunomodulation. It furthermore suggests the potential for targeting therapeutic intervention based on specific blockade of currently unidentified factors operative in the CTLA-4 signaling pathway.
